A new protocol, called fully distributed space-time coded (FDSTC) protocol having information exchange between relays, is proposed and compared with the conventional distributed space-time coded (DSTC) protocol using non-regenerative relays (NR-relays) and regenerative relays (R-relays). Closed-form error probabilities are derived to verify the simulations. In terms of error performance, the FDSTC protocol gets significant average signal-to-noise ratio (SNR) gains (3.7 dB for NR-relays and 18.1 dB for R-relays). In addition, the impact of the relative distance of relays on the required SNR is reduced up to 70%. The system diversity order using the FDSTC protocol is higher than that using the DSTC protocol (especially, the FDSTC protocol obtains full diversity with NR-relays). As a result, at the same spectral efficiency, FDSTC has better performance in terms of outage probability in high SNR regions. In terms of energy efficiency, the FDSTC protocol is shown to outperform DSTC for long-range transmissions.
Introduction
In the last years, cooperative relay has been identified as a core technique to overcome challenges in wireless environments. Based on the transmission protocol performed at relays, we can classify them into two main categories: repetition-based and distributed space-time code-based (DSTC-based) cooperative relay techniques [1] . In repetition-based cooperative relay techniques, each relay, after receiving signal from the source, will consecutively forward the signal to destination. Each transmitted signal (including the original one transmitted from source to destination) is passed through multiple independent paths, and thus, the probability that the signal fails to reach the destination is significantly reduced. In contrast to repetition-based cooperative relay techniques, in DSTC-based cooperative relay techniques, the relays will take advantage of DSTC techniques to simultaneously forward the signal to the destination, and hence, the spectral efficiency of the system is increased. The initial work on using DSTC protocols over relay channel is considered in [1] [2] [3] [4] . We denote them as the conventional DSTC protocols, in which the whole communication consists of only two phases. Firstly, the source transmits signals to relays and destination. Secondly, the non-regenerative or regenerative relays (NR-relays or R-relays, respectively) use the DSTC protocol to forward signals to the destination.
Related work
Recently, data exchanges among the relays, or inter-relay communications, have been considered in [5] [6] [7] [8] [9] . In [5] , an inter-relay cooperation scheme allowing message exchanges among the relays was presented in order to mitigate the impact of error propagation of R-relays. A hybrid TDMA-FDMA-based protocol with inter-relay communication for Nakagami-m fading channel was investigated in [6] . The lower bound on outage probability of the inter-relay communication-based protocol was mathematically derived and validated by simulations [7] . Besides, the novel idea of inter-relay traffic cooperative network-coded hybrid ARQ was proposed as a smart way to improve R-relays in [8] .
Error probability of DSTC protocols was derived for NR-relays in [4, [10] [11] [12] [13] . An approximate formula of average symbol error probability (ASEP) for a DSTC system based on multi-user cooperation was found in [4] . On the other hand, performance of the DSTC protocol in regenerative relay networks was derived in [3, [14] [15] [16] [17] . In [3] , a regenerative DSTC protocol is applied for source and relay with optimal allocation of transmit power in order to minimize the average bit error rate (BER) at final destination. In [17] , Anghel et al. proposed two error-aware distributed space-time (EADST) protocols to overcome worse BER performance of R-relays induced by decoding errors at the relays. However, these two protocols require feedback from destination. Recently, an extension of the DSTC protocols for more than two hops was considered in [18] .
Besides BER performance consideration, in [2] , the DSTC protocol was shown to be effectively used for higher spectral efficiency and to achieve full spatial diversity in some specific cases. In [1] , the performance of cooperative protocols was considered in terms of outage probability. The authors showed that, except for fixed decode-and-forward (DF) protocol, all of their cooperative protocols are efficient in the sense of achievement of full diversity. In [13] , the DSTC system was shown to have the same diversity as a multiple-antenna system when the coherence interval is greater than the number of relays. With NRrelays, the diversity of the DSTC system was shown to depend on the scaling factor of the relays [12] . In [19] , a diversity-multiplexing trade-off (DMT) analysis was considered in multi-hop multiple-input and multiple-output (MIMO) relay networks. A DMT analysis was also considered recently for an AF two path half-duplex relaying scheme in [20] . Wicaksana showed that DMT is achievable for finite codeword lengths with a careful choice of coding strategy.
Cooperative techniques have recently been potential candidates to reduce energy consumption in wireless networks. In [21] , using cooperative MIMO systems, a tremendous energy saving was shown for long transmission distances in comparison with single-input and single-output (SISO) systems. Besides, the energy efficiency of different cooperative relaying techniques was investigated. In LTE-advanced networks, using relay nodes, it was shown that energy saving up to 15.6% is possible in the two hop schemes, and up to 8.5% are possible with the multicast cooperative scheme [22] . In [23] , a transparent relay with cooperative strategy was shown to save about 60% power consumption as compared to the transparent relay in IEEE 802.16j under given simulation configurations.
Inter-relay communications have been considered in the repetition-based cooperative relay protocol and are shown to be able to increase its performances [5] [6] [7] [8] . The present paper associate inter-relay communications with the DSTC-based cooperative relay protocol to further increase its performance. The fully distributed space-time coded (FDSTC) protocol in an inter-relay communication phase is added for cooperative relay systems. FDSTC was originally mentioned in [9] with NR-relays jointly with a lower bound on its ASEP. In this work, the FDSTC protocol is thoroughly considered in terms of error probability, outage probability, diversity order, and energy efficiency. Firstly, a closed-form ASEP of non-regenerative relays based on FDSTC is considered. Moreover, for regenerative relays, a closedform expression of error probability, conditioned to the channel, is also derived. With the help of data exchange between relays in the FDSTC protocol, the SNR at relays is increased. This leads to a higher SNR gain obtained in comparison with conventional DSTC protocols, where there is no data exchange between the relays. Secondly, the present paper also considers the outage probability of the protocols to have a fair comparison in terms of data rate. At the same spectral efficiency, the FDSTC protocol is shown to have better performance in high SNR regions due to its higher system diversity order. Using automatic gain control (AGC) at the relays, the same result as in [12] is found, i.e., a conventional DSTC system cannot get full diversity. By contrast, the FDSTC system is shown to achieve full diversity in case of NR-relays. Finally, since in the FDSTC protocol the relays also need power to exchange data, it is very important to consider the total power consumption of the protocols to have a fair comparison. Using a typical energy model as in [21] , the FDSTC protocol is shown to be able to get energy efficiency for long-range transmissions.
The rest of this paper is organized as follows. The system model is thoroughly described in Section 2. In Section 3, the error performance of FDSTC protocol with NR-relays and R-relays is analyzed through mathematical expressions. Outage probability and DMT are considered in Section 4 to evaluate the protocol performance in terms of spectral efficiency. Section 5 presents and compares energy efficiency of the protocols. Numerical results are derived in Section 6. Finally, conclusion is given in Section 7.
Throughout the paper, bold upper (lower) case denotes a matrix (column vector). Superscript T stands for transpose. Re{x} stands for the real part of a complex number x.
System model
In this paper, a cooperative relay system including one source, one destination, and two relays which have all only one antenna ( Figure 1 ) is considered to exploit the FDSTC protocol. In the system, the relays only play a role to enhance the quality of the source-destination link. They do not have their own data to transmit. In order to avoid self-interference, the relays are used in half-duplex mode, which means they can not transmit and receive data simultaneously. The ideal channel state information (CSI) is known at the receiver but not at the transmitters. A binary phase shift keying (BPSK) modulation is considered for all the analysis and simulations. We assume that all communications are performed over a flat Rayleigh fading channel. Channel coefficients remain the same for two consecutive time intervals. Statistically, we model the channel coefficients h ij [n] with i ∈ {s, r 1 , r 2 }, j ∈ {r 1 , r 2 , d}, and i = j as zero mean, independent, complex Gaussian random variables with variances Ω ij . Similarly, we model additive white Gaussian noise (AWGN) z ij [n] as zero mean mutually independent complex Gaussian random variables with variances N ij . For the clarity of the following expressions, the symbols The first idea of the FDSTC protocol is presented in [9] with NR-relays by deriving the bounds on error performances. However, the present paper will give thorough considerations of the FDSTC protocol with both NR-relays and R-relays by deriving closed-form error performance and considering outage probability, diversity order, and energy efficiency as well.
The FDSTC protocol can be mathematically described as below. In the first phase, the source transmits signals
, and E[x 2 [n]] = 1) with the transmit power s = sd = sr 1 = sr 2 to the relays and the destination at the same time. The received signals at the relays and the destination (Figure 1 ) can be represented as y y y sr 1 , y y y sr 2 , and y y y sd , respectively
where
T and sj is the transmit power of the source to the terminal j.
In the second phase, the two relays exchange their data with each other. The received signals at relay R 1 from relay R 2 and vice versa respectively symbolized as y y y r 2 r 1 , and y y y r 1 r 2 , are given by
where G si is the AGC which prevents saturating the relay i and can be chosen as
, i, j ∈ {r 1 , r 2 }, i = j, with rr = r 1 r 2 = r 2 r 1 the transmit power between the relays. Traditionally, in dense wireless sensor networks (WSNs), the distance between two relays is very small in comparison with the transmission distance. Therefore, to save energy, the transmit power between the relays can be chosen as one tenth of the transmit power from the relays to the destination (i.e., rr = 1/10 s ). As a result, the destination cannot overhear the inter-communication between the relays.
Then, each relay uses the maximum ratio combining (MRC) technique to combine the signals received from the source and from the other relay
In the last phase, the two relays use distributed space-time codes to simultaneously transmit the Alamouti re-encoded signals U U U to the destination (see Section 3.1 for more details). In this work, Alamouti spacetime code is used, thanks to its simplicity and full rate capacity. A consideration of other space-time codes [24] [25] [26] is out of the scope of this paper. The components of the matrix U U U depend on the protocol that the relays use to forward the signals to the destination: non-regenerative or regenerative. The signals received at the destination from the relays, y y y rd = y rd [2k] y rd [2k + 1] T , are expressed as
T is the Rayleigh channel coefficient vector and
T is the AWGN noise vector.
At the destination, the Alamouti receiver is used to process the signals received from R 1 and R 2 . Then, the output of the Alamouti receiver is combined with
T using the MRC technique.
In the following sections, the performance of the FDSTC protocol is evaluated and compared with conventional DSTC protocols [11] [12] [13] in terms of BER, outage probability, diversity order, and energy efficiency. In fact, DSTC protocols are the same as FDSTC except that there is no data exchange between the two relays. In DSTC, the source firstly transmits its signals to the two relays and the destination. Secondly, the relays encode their received signals into a 'distributed' Alamouti code with (NR-relays) or without decoding the received signals (R-relays). Finally, they transmit the received signals to the destination.
3 Closed-form expressions of the ASEP of the FDSTC protocol
FDSTC protocol with NR-relays
In this section, a closed-form ASEP of non-regenerative FDSTC (NR-FDSTC) protocol is derived. The SNR at terminal j (j ∈ {r 1 , r 2 , d}) after receiving signals from terminal i (i ∈ {s, r 1 , r 2 }) is found as
which has an exponential distribution with the mean
. From (3), the post-detection SNR at the relay j can be referred as
In the NR-FDSTC protocol, after receiving signals from both the source and the other relay, each relay re-encodes the combined signals u j u j u j (3) with Alamouti space-time code to form the Alamouti re-encoded
.
The combined signals at the relays (3) can be remodeled as
where γ j is found in (5) and z z z
T is AWGN with zero mean and variance
To prevent the saturation at the relay j, the AGC G jd is chosen as G jd = jd γ j +1 , j ∈ {r 1 , r 2 } with jd the transmit power of relay j to the destination ( r = r 1 d = r 2 d ).
The output signal from the Alamouti receiver is then
where y y y r = y r [2k]
Combining the output signals from Alamouti receiver (7) and the received signals from the source (1) using MRC technique, the signal at the destination is as follows:
Based on (8), the post-detection SNR at the destination can be derived as
In this part, a closed-form ASEP of the NR-FDSTC protocol is derived when the relay-relay SNR is much larger than the source-relay SNR (γ ij γ si ). One should note that the assumption can be practically obtained in dense WSNs even with rr = 1/10 s . Equation 5 can be rewritten as γ j ≈ γ sj + γ si i, j ∈ {r 1 , r 2 }, i = j. One should note that the equality happens (γ j = γ sj + γ si ) when there is no error in the data exchange between the two relays.
Since γ r 1 = γ r 2 = γ r ≈ γ sr 1 + γ sr 2 , (9) can be approximated by
with γ rd = γ r 1 d + γ r 2 d and γ srd = γ rd γr γ rd +γr+1 .
Once again, using the moment generating function (MGF)-based approach, the closed form ASEP of the NR-FDSTC protocol can be derived by evaluating the MGF of γ sd and γ srd . The MGF of γ sd is already shown in [9] .
The MGF of γ srd , proved in Appendix 1, is given by
where σ = γ rd + γ r , p = γ rd γ r , and α = (σ − ps)/p. The formulas of J 0 , The ASEP of the NR-FDSTC protocol with BPSK modulation can be derived as
where g BPSK = 1 [27] .
FDSTC protocol with R-relays
In this work, the destination is not aware of the error probabilities at the relays, making the use of the maximum likelihood (ML) decoder at the destination impossible. Therefore, taking the decoding errors at the two relays into account, the error probability of regenerative FDSTC (R-FDSTC) protocol conditioned to the channel, is derived via a sub-optimal decoder at the destination. The Alamouti reencoded signals U U U of the R-FDSTC protocol have the form of
wherex j [n] is obtained by decoding the combined signal u j [n] (3) at the relay j ∈ {r 1 , r 2 } using ML decoder.
Using the MRC technique, the combined signal at the destination is as follows:
The sub-optimal scalar decoder [14] is used instead of the ML decoder to decode the combined signal
. The decision on the transmitted symbol x[2k] can be specifically obtained aŝ
Then, in the presence of the decision errors at the relays, the closed-form expression of the error probability, conditioned to the channel, for the R-FDSTC protocol can be derived as (see Appendix 2 for more details)
and p j 2k , p j 2k+1 (j ∈ {r 1 , r 2 }) are the conditional error probabilities at relay j on x[2k] and x[2k + 1], respectively. When considering the R-DSTC protocol, the R-FDSTC protocol without transmission errors between relays (ideal case) and the R-FDSTC protocol with transmission errors between relays, p j 2k can be found as 
Outage probability
In this section, the DSTC and FDSTC protocols are considered in terms of outage probability while having the same spectral efficiency R(bits/s/Hz). Using the methodology in [1] to find the approximations of the outage probability of the protocols, it is shown that the NR-FDSTC protocol can achieve the maximum diversity order despite using AGC at the relays. Besides, the R-FDSTC protocol also brings us a higher diversity oder in comparison with the R-DSTC protocol.
Outage probability analysis
Outage probability is defined as P out = P r{I < R} where I is the maximum average mutual information between source and destination and R is the spectral efficiency. In this work, without loss of generality we note Ω sr = Ω sr 1 = Ω sr 2 and
used for the fading coefficients in the following expressions is defined in [1] .
For a fair comparison, once again, the total transmit power is the same for the two protocols, i.e., s + 2 r = P (DSTC) and s + 2 r + 2 rr = P (FDSTC with rr = 1 10 r ). Let the transmit power be equally allocated among source and relays ( s = r = , N ij = N 0 (∀i, j) and SNR = /N 0 . The outage probability of the protocols is determined based on the SNR parameter for different types of relays. For shortening the following expressions, we note |h sr | 2 = min{|h sr 1 | 2 , |h sr 2 | 2 }, ||a a a sr || 2 = |h sr 1 | 2 + |h sr 2 | 2 , and ||a a a rd || 2 = |h r 1 d | 2 + |h r 2 d | 2 .
NR-relays a/ DSTC protocol a/ DSTC protocol a/ DSTC protocol
The maximum average mutual information can be expressed as
In the high SNR region, the outage probability of the DSTC protocol can be approximated as
Using AGC at the relays, it is claimed in [12] that the NR-DSTC protocol can not achieve full diversity. Here, the maximum diversity order is only two. This result is totally suitable to the simulation results in [12] .
The maximum average mutual information can be derived as
The approximation of the outage probability in the high SNR region is P r{I
With NR-relays, the FDSTC protocol can achieve full diversity order.
R-relays
a/ DSTC protocol a/ DSTC protocol a/ DSTC protocol
The outage probability in high SNR regions can be approximated as
The diversity order of the R-DSTC system is only 1.
In high SNR regions, the outage probability becomes
The R-FDSTC protocol can not achieve the full diversity. However, it gets higher system diversity order in comparison with the R-DSTC protocol.
Diversity-multiplexing trade-off (DMT)
The diversity-multiplexing trade-off illuminates the relationship between the reliability of data transmissions in terms of diversity gain and the spectral efficiency in terms of multiplexing gain. The multiplexing gain, which illustrates how fast the source data rate varies with respect to SNR, is defined as [28] 
The diversity gain d(g) can be characterized as a function of g [28] d(g) = lim
Based on the approximations of outage probability for the protocols in the above parts, the DMT of the DSTC and FDSTC protocols for NR-relays and R-relays can be expressed respectively as
Energy efficiency
To have a fair comparison in the total power consumption of the two protocols, the total energy consumption for both protocols (FDSTC and DSTC) is considered. Obviously, the FDSTC protocol consumes more transmission and circuit energy due to the inter-relay communication. However, by simulations, the FDSTC protocol is shown to be an energy-efficient protocol for long-range transmissions.
The total energy consumption per bit of the FDSTC protocol E b FDSTC can be calculated by the sum of the total energy consumption per bit of the broadcast phase of the source E b s , the data exchange phase between the two relays E b rr , the transmission phase from the relays to the destination E b rd . The total energy consumption per bit of the conventional DSTC protocol E b DSTC is the same except that there is no energy consumption for the data exchange phase between the relays.
Note that E b s , E b rr , and E b rd are calculated based on the typical energy model proposed in [21] .
Simulation results
Assuming that both relays have the same distance from source d sr = d sr 1 = d sr 2 , let denote r = dsr d sd the relative distance of relays defined by the ratio of the source-relay distance d sr and the source-destination distance d sd and rr = drr d sd the relative inter-distance of relays defined by the ratio of the relay-relay distance d rr and the source-destination distance. In this section, the BER performance of the FDSTC protocol is evaluated for NR-relays and R-relays. Using a common transmission model, we set the path loss
ij where d ij is the distance between terminal i and terminal j and pl is the path loss exponent. In our simulations, pl = 2 is used and BPSK modulation is considered. For a fair comparison, the total transmit power of the protocol is kept as the same (i.e., P ). For the DSTC protocol s +2 r = P . On the other hand, for the FDSTC protocol, we have s + 2 r + 2 rr = P ( rr = 1 10 r ). Unless otherwise stated, we assume that s = r . Figure 2 shows the BER comparison between the FDSTC and DSTC protocols as a function of the SNR (P/N 0 ) under some cases of the relative inter-distance between relays, rr. Figure 2a shows the simulations for NR-relays while the simulations for R-relays are shown in Figure 2b . In these simulations, the relays are in the middle of the source and the destination (r = 0.5). The performance of the FDSTC protocol in terms of BER is shown to be much better than that of the DSTC protocol, thanks to the data exchange between the relays. When the relative inter-distance of relays is small (rr < 0.2), the performance of the FDSTC protocol is still comparable with the ideal case (Ω rr Ω sr ) where there is no errors in the data exchange between the two relays. However, when the quality of the relay-relay link is poor (Ω rr Ω sr ), the BER performance of the FDSTC protocol logically tends to that of the DSTC protocol since the inter-relay transmission does not bring any gain as compared to the DSTC protocol. Mathematically, when Ωrr Ωsr → 0, the post-destination SNR at relays γ j (5) tends to the source-relay SNR γ sj (γ j ≈ γ sj + γ ij ≈ γ sj ) as a result of γ sj , γ si γ ij . That leads to equal BER performance between DSTC and FDSTC. 
BER performance

FDSTC protocol vs. DSTC protocol
Impact of the relative distance of relays
The SNR gain of the FDSTC protocol over the conventional DSTC protocol versus the relative distance of relays at a desired BER= 10 −5 is shown in Figure 3 . The average SNR gain of the NR-FDSTC protocol over the NR-DSTC protocol is 3.7 dB. However, the average SNR gain of the R-FDSTC protocol over the R-DSTC protocol is even much more impressive. By using the simple data exchange between the two relays, we can get an average SNR gain up to 18.1 dB. The impact of the relative distance of relays on the required SNR of the FDSTC and DSTC protocols is shown in Figure 4 . At a desired BER= 10 −5 , the required SNR is shown as a function of the relative distance of relays. Obviously, there will be a difference in the required SNR of each protocol when the relative distance of relays, r changes from 0.1 to 0.9. For the NR-DSTC protocol, the difference is 6.3 dB. However, for the NR-FDSTC protocol, this difference is decreased to 1.6 dB, which means that the impact of the relative distance of relays is reduced by up to 75%. For R-relays, we still get up to a 64% reduction of the impact of the relative distance of relays. The difference of required SNR changes from 20.5 dB in case of the R-DSTC protocol down to 7.4 dB in case of the R-FDSTC protocol. This is a very interesting result especially for the mobile relays since for the FDSTC protocol, the required SNR has almost no change (NR-relays) or a little change (R-relays) when the relays are moving between the source and the destination. 
Impact of synchronization errors
Like cooperative MIMO, distributed space-time coded relays suffer from the impact of synchronization errors [29] . In all above simulations, we supposed that the transmission from the relays to the destination is perfectly synchronized, i.e., simultaneous between the relays, which cannot happen in real systems. In our model, as a consequence of using DSTC relays in the FDSTC protocol, the synchronization errors have large impacts on the performance of the relay-destination link and therefore reduce the performance of the overall system. Figure 5 shows the impacts of synchronization errors on the overall performance of our model for two protocols: R-FDSTC and NR-FDSTC when rr = 0.1 and r = 0.5. The synchronization error model of [30] where the interference inter-symbol (ISI) is only created by the four nearest symbols is considered. In our simulations, the synchronization error is considered to have a uniform distribution in the range [−∆T /2, ∆T /2], with ∆T the synchronization error range normalized by the symbol period. The overall performance of the system is still acceptable when ∆T < 0.6 for R-FDSTC or ∆T < 0.5 for NR-FDSTC. The performance becomes saturated when ∆T = 0.7. Synchronization methods for these protocols are beyond the scope of this paper and may be considered as future work. 
Power allocation
Let s = c P P (0 < c P < 1) and r = 10 22 (1 − c P )P (note that rr = 1 10 r ). Using an exhaustive search by simulation, we can find the best value of c P (i.e., c opt P ) to further increase the BER performance of the FDSTC protocol as shown in Figure 6 . The best power allocation points of the FDSTC protocol for NR-relays and R-relays are respectively c opt P = 0.4 and c opt P = 0.6 when considered in the case BER= 10 −5 , r = 0.5, and rr = 0.1. In addition, as compared to the case of equal power allocation (i.e., c P = 10/32), SNR gains of 0.5 dB (NR-relays) and 1.5 dB (R-relays) are obtained. 
Outage probability
In this subsection, numerical results of the outage probability for the protocols are considered in statistically symmetric networks, e.g., Ω 2 ij = 1 and in small fixed R regime, e.g., R = 1. Figure 7 shows the outage probability of the DSTC and FDSTC protocols for NR-relays and R-relays as a function of SNR norm which is defined by SNR norm =
[1]. The analytic expressions perfectly match with the simulation results in high SNR region. The R-FDSTC protocol has better performance than the R-DSTC protocol when SNR norm is greater than 21 dB. Similarly, in the case of NR-relays, the FDSTC protocol provides better performance than the DSTC protocol when SNR norm is greater than 30.5 dB. This result is quite interesting since despite using more time slots for the transmission protocol (due to the data exchange between relays), the FDSTC protocol still reaches a better outage probability than the DSTC protocol in the high SNR region, no matter what type of relays is used as a result of higher diversity order of the FDSTC system as compared to the conventional DSTC. Figure 7 Outage probability versus SNR norm , small, fixed R regime (R = 1) and for statistically symmetric networks, i. e., Ω 2 ij = 1.
The trade-off between the diversity order and the multiplexing gain of the systems is shown in Figure 8 . The NR-FDSTC system can achieve a maximum diversity order (d(g) = 3 for a system with one source, two relays, and one destination). On the other hand, the diversity order of the NR-DSTC system is only two. For R-relays, while the DSTC system only gets the first diversity order, the FDSTC system can achieve the second diversity order. This means, in all cases (i.e., NR-relays or R-relays), using the FDSTC system can help to get higher diversity order. Moreover, there are some interesting sharp transitions in Figure 8 . We will use the FDSTC protocol for R-relays when g < 1/6, otherwise when g 1/6 the DSTC protocol is used; similarly for NR-relays, the FDSTC will be preferred for g < 1/8. Figure 9 shows the total energy consumption per bit of the DSTC and FDSTC protocols with NR-relays and R-relays based on parameters of typical energy model [21] in two cases: (1) 
Energy efficiency
Conclusion
The main contribution of this paper is to propose and to evaluate the FDSTC protocol with NR-relays and R-relays. A thorough analysis on the performance of the FDSTC protocol, followed by simulation results, is given to show its good performance. With two simple SISO transmissions added between the two relays, a significant SNR gain is obtained (i.e., 3.7 dB for NR-relays and 18.1 dB for R-relays). The relative distance of relays is shown to have a large impact on the required SNR. However, thanks to the FDSTC protocol, this impact can be significantly reduced by up to 75%. In terms of outage probability, at the same spectral efficiency, the FDSTC protocol turns out to outperform conventional DSTC protocols in high SNR region. This is due to the fact that the FDSTC protocol helps to increase the diversity order of the system (full diversity in case of NR-relays). In terms of energy consumption, the FDSTC protocol is still more energy efficient than the DSTC protocol for long-range transmissions.
The good performance of the FDSTC protocol is clearly demonstrated in this paper using simple NRrelays and R-relays. Advanced techniques for relay networks (such as relay selection [15, 16, 31] , optimum power allocation [32] , etc.), which are used to improve the performance of DSTC systems, can be thoroughly considered for FDSTC systems as well. In the system where the number of relays is greater than two, the data exchange between the relays becomes very complicated. As a result, the spectral efficiency of the FDSTC protocol can be reduced due to the data exchange between relays. However, this problem can be solved by associating DSTC-based and repetition-based relaying protocols which is being studied. Using the same approach, we can derive the other terms in (41) where β 2k , δ 2k , λ 2k , φ 2k , and θ 2k are given in (21) . Note that we have P{w 2k < 0/E 1,−1 , H m } = P{w 2k > 0/E −1,−1 , H m }, and P{w 2k < 0/E 1,1 , H m } = P{w 2k > 0/E −1,1 , H m }. That leads to all terms in (41) which therefore give rise to (16) . 
